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The extension to warm and asymmetric clusterized nuclear matter is developed for a set of well
calibrated equations of state. It is shown that even though different equations of state are constrained
by the same experimental, theoretical and observational data, and the properties of symmetric
nuclear matter are consistent within the models, the properties of very asymmetric nuclear matter,
such as the one found inside of neutron stars, differ a lot for various models. Some models predict
larger transition densities to homogeneous matter for beta-equilibrated matter than for symmetric
nuclear matter.
I. INTRODUCTION
Core-collapse supernovae (CCSN) and neutron star
(NS) mergers are two astrophysical explosive events
where matter can reach temperatures above ∼ 50 MeV.
In CCSN matter, β−equilibrium is not immediately
reached, and a fixed proton fraction in the range of
0 < Yp < 0.6 is usually considered in the simulations
[1]. In these very energetic events, light and heavy nu-
clear clusters are supposed to form, guiding the neutrino
dynamics, and affecting, for example, the cooling of the
proto-neutron star [2], or the disk dissolution of a NS
merger [3–5]. Hence, it is extremely important for these
clusters to be included in the equations of state (EoS)
for CCSN and NS mergers simulations, and to determine
under which temperature, density and proton fraction,
matter will be clusterized.
At subsaturation densities, nuclear matter goes
through a liquid-gas phase transition [6]. The border be-
tween the stable and unstable matter is denoted by spin-
odal [7], and it can be estimated via dynamical or thermo-
dynamical calculations. In the first case, the instabilities
are determined from the fluctuations around equilibrium
of the collective modes, and the zero-frequency one de-
fines the spinodal surface. In the thermodynamical case,
the region of instabilities is identified by the negative cur-
vature of the free energy density, and the spinodal border
is set when the curvature goes to zero. While the dynam-
ical spinodal may give more realistic predictions for the
crust-core transition phase in neutron stars because it
takes into account finite size effects, both from the finite
range of the nuclear force and from the Coulomb inter-
action, the thermodynamic spinodal will still give a good
estimation, as shown in Ref. [8].
The liquid-gas phase transition also occurs in stellar
matter, and that explains why at subsaturation densities,
one should expect clusterized matter. Light and heavy
clusters, including the so-called pasta phases, should
form at subsaturation densities, which in cold catalysed
neutron stars correspond to the inner crust region. With
the increase of the denisty, they eventually melt, and this
sets the crust-core transition. The liquid-gas phase tran-
sition calculated from the spinodal decomposition has
also been used in experiments to study the fragmenta-
tion of nuclear systems, in particular the time evolution
of a compound nucleus during heavy-ion collisions [9].
In Ref. [10], the authors calculated the thermodynam-
ical instabilities for hot asymmetric nuclear matter for a
set of relativistic mean-field (RMF) models. The goal was
to determine the critical densities and proton fractions, in
order to understand how sensitive these properties are to
the slope of the symmetry energy. In the present work,
we are going to calculate the thermodynamic instabili-
ties of several recently proposed RMF models in order to
compare their finite temperature behavior. Our main ob-
jective is, therefore, to determine the finite temperature
properties of nuclear models that have been calibrated at
T = 0 MeV.
These nuclear RMF models are listed as follows: 1)
SFHo and SFHx [11], constructed to fulfill constraints
from effective chiral field theory calculations for neutron
matter [12], from nuclear experiments on matter near
and below the saturation density, and from neutron ra-
dius measurements. In Ref. [11], the authors have shown
that the two EOS, among the models they tested, would
lead to the most compact protoneutron stars in the first
milliseconds after the bounce; 2) FSU2R and FSU2H pro-
posed in [13, 14], calibrated to well settled properties of
nuclear matter, and neutron star observations. FSU2H
allows for the appearance of hyperonic degrees of free-
dom, while still predicting two solar-mass neutron stars;
3) TM1 [15], and TM1e [16], recently published, and rep-
resents an extended version of the TM1 model, where the
authors include an ω−ρ meson coupling term in order to
model the density dependence of the symmetry energy.
This leads to a lower slope of the symmetry energy as
compared to the original model, and a decrease in the
neutron star radii; 4) DD2 [17] and DDME2 [18], which
satisfy the same well established nuclear matter proper-
ties [19, 20], and allow the appearance of hyperons in
two-solar mass neutron stars; 5) finally, D1 and D2 [21],
closely related to DD2. The difference between D1 and
D2 is in the inclusion of an additional energy dependence
in the nucleon’s scalar and vector self-energies for the D2
2model, which was introduced in order to satisfy the op-
tical potential constraint at high nuclear densities.
The main conclusion of the present work is that while
calibrated models behave in a very similar way at zero
temperature and symmetric matter, large differences
were identified for both the critical temperatures and
densities of β-equilibrated matter in very asymmetric
matter. In some models, like SFHo and SFHx, the onset
of homogeneous matter in β-equilibrated matter occurs
at similar or larger densities, than the ones found for
symmetric nuclear matter. This will have consequences
on the predictions of CCSN or NS merger simulations.
The structure of the paper is the following: in Section
II, the general formalism of RMF models and spinodal
calculation are briefly introduced, Section III discusses
and compares the results on critical points, transition
densities, and distilation effect between different models,
and, finally, in Section IV, a few conclusions are drawn.
II. THE FORMALISM
A brief summary of the RMF formalism is given in
the first part of the section, while the thermodynami-
cal spinodal calculation and respective critical points are
addressed in the second subsection.
A. Field Theoretical Models with RMF Lagrangian
In our set of RMF models, the nucleons, with mass M ,
interact with the scalar-isoscalar meson field σ with mass
mσ, the vector-isoscalar meson field ω
µ with mass mω,
and the vector-isovector meson field ρµ with mass mρ.
The Lagrangian density is given by:
L =
∑
i=p,n
Li + Lσ + Lω + Lρ + Lσωρ , (1)
where the nucleon Lagrangian reads
Li = ψ¯i [γµiD
µ −M∗]ψi , (2)
with
iDµ = i∂µ − gωω
µ −
gρ
2
τ · ρµ . (3)
The Dirac effective mass is given by
M∗ = M − gσσ . (4)
In the above equations, gσ, gω and gρ are the meson-
nucleon couplings, and τ are the SU(2) isospin matrices.
The mesonic Lagrangians are:
Lσ = +
1
2
(
∂µφ∂
µσ −m2σσ
2 −
1
3
κσ3 −
1
12
λσ4
)
,
Lω = −
1
4
ΩµνΩ
µν +
1
2
m2ωωµω
µ +
ζ
4!
ζg4ω(ωµω
µ)2,
Lρ = −
1
4
Bµν ·B
µν +
1
2
m2ρρµ · ρ
µ +
ξ
4!
g4ρ(ρµρ
µ)2,
(5)
where Ωµν = ∂µων − ∂νωµ, Bµν = ∂µρν − ∂νρµ −
gρ(ρµ × ρν), and κ, λ, ζ, and ξ are coupling constants.
The mesonic Lagrangian is supplemented with the fol-
lowing non-linear term that mixes the σ, ω, and ρ mesons
[11]:
Lσωρ = g
2
ρf(σ, ωµω
µ)ρ µ · ρµ . (6)
For the SFHo and SFHx models, f is given by
f(σ, ωµω
µ) =
6∑
i=1
aiσ
i +
3∑
j=1
bj (ωµω
µ)
j
, (7)
while for the FSU2R, FSU2H, TM1 and TM1e models,
this function f reduces to
f(ωµω
µ) = Λvg
2
vωµω
µ . (8)
For these four models, the coupling constant of the non-
linear term ξ is absent.
For the density-dependent models, DD2, DDME2, and
D1, the isoscalar couplings of the mesons i to the baryons
are written in the following way
gi(nB) = gi(n0)ai
1 + bi(x+ di)
2
1 + ci(x+ di)2
, (9)
and the isovector ones are given by
gi(nB) = gi(n0) exp [−ai(x − 1)] . (10)
Here, n0 is the symmetric nuclear saturation density, and
x = nB/n0. For the D2 model, there are additional
terms in the vector density because of the energy de-
pendent self-energies, meaning that nB and nω are no
longer equal. For all density-dependent models, the cou-
pling constants k, λ, ξ, and ζ are zero, together with the
f function.
The energy density E is given by:
ENL =
∑
i=p,n
Ei +
1
2
m2σσ
2 −
1
2
m2ωω
2 −
1
2
m2ρρ
2
0 +
κ
6
σ3
+
λ
24
σ4 −
ζ
24
(gωω)
4 −
ξ
24
(gρρ)
4 − g2ρρ
2f, (11)
for the non-linear (NL) models, which includes several
non-linear mesonic terms, and by
EDD =
∑
i=p,n
Ei +
1
2
m2σσ
2 −
1
2
m2ωω
2 −
1
2
m2ρρ
2
0 − Σ
R
0 nB ,
(12)
for the density-dependent (DD) models. ΣR0 is the
rearrangement term that appears only in the density-
dependent models (see Refs. [17, 18, 21]), and is given
by
ΣR0 =
∂gω
∂nB
ω nB +
∂gρ
∂nB
ρ0(ρp − ρn)/2−
∂gσ
∂nB
σρs .(13)
In Eqs. (11) and (12), the single-particle energies Ei are
given by
Ei =
1
π2
∫
dp p2 ǫ∗i (fi+ + fi−) , (14)
3the nucleon number density is
ρi =
1
π2
∫
dp p2 (fi+ − fi−) , (15)
the scalar density is
ρis =
1
π2
∫
dp p2
M∗
ǫ∗i
(fi+ + fi−) , (16)
the distribution functions are defined as
fi± =
1
1 + exp [(ǫ∗i ∓ νi)/T ]
, (17)
with ǫ∗i =
√
p2 +M∗2, and the nucleons effective chemi-
cal potential as
νi = µi − gvV0 − gρ t3i b0 − Σ
R
0 , (18)
where t3i is the third component of the isospin operator,
and the rearrangement term is included only for the DD
models. The entropy density S is calculated from
S = −
∑
i=n,p
∫
d3p
4π3
[fi+ ln fi+ + (1− fi+) ln (1− fi+)
+ (fi+ ↔ fi−)] . (19)
The free energy density F is then obtained from the ther-
modynamic relation
F = E − TS . (20)
B. Stability Conditions
In the present study, we determine the region of in-
stability of nuclear matter constituted by protons and
neutrons by calculating the spinodal surface in the
(ρp, ρn, T ) space. Stability conditions for asymmetric
matter impose that the curvature matrix of the free en-
ergy density [22]
Cij =
(
∂2F
∂ρi∂ρj
)
T
, (21)
or, equivalently,
C =
(
∂µn
∂ρn
∂µn
∂ρp
∂µp
∂ρn
∂µp
∂ρp
)
, (22)
is positive. The stability conditions impose Tr(C) > 0
and Det(C) > 0, which is equivalent to the requirement
that the two eigenvalues
λ± =
1
2
(
Tr(C)±
√
Tr(C)2 − 4Det(C)
)
(23)
are positive. The largest eigenvalue, λ+, is always posi-
tive, and the instability region is delimited by the surface
λ− = 0. Interesting information is given by the associ-
ated eigenvectors δρ±, defined as
δρ±p
δρ±n
=
λ± − ∂µn
∂ρn
∂µn
∂ρp
.
In particular, the eigenvector associated with the eigen-
value that defines the spinodal surface determines the
instability direction, i.e. the direction along which the
free energy decreases.
The critical points for different temperatures T , which
are important for the definition of conditions under which
the system is expected to clusterize, are also going to be
calculated. These points satisfy simultaneously [22, 23]
Det(C) = 0 (24)
Det(M) = 0, (25)
with
M =
(
C11 C12
∂|C|
∂ρp
∂|C|
∂ρn
)
. (26)
The thermodynamical spinodals and respective critical
points are going to be calculated for a series of the intro-
duced RMF models in the next section.
III. RESULTS AND DISCUSSION
In this Section, we start by elaborating in more de-
tail on the models we use. For each of them, we calcu-
late the thermodynamic instability regions, the critical
points, the transition densities, and the isospin distilla-
tion effect for a given temperature. To conclude, a dis-
cussion of the results will be presented.
A. Models
In the present study we consider a set of RMF mod-
els calibrated to properties of nuclei and nuclear mat-
ter. These models fall into two different types: one
with density-dependent couplings, DD2, DDME2, D1,
and D2, which we designate by DD models, and the other
with non-linear couplings, SFHo, SFHx, FSU2R, FSU2H,
TM1, and TM1e, which we designate by NL models.
In Table I, some symmetric nuclear matter properties
calculated at saturation density are given for the all the
models that we explore.
Concerning the NL models, SFHo and SFHx include
several non-linear terms of higher order. They were con-
structed in such a way that they both satisfy constraints
coming from nuclear masses, giant monopole resonances,
and binding energies and charge radii of 208Pb and 90Zr.
Besides, they satisfy the 2-M⊙ constraint [24], and the
pressure of neutron matter is always positive and increas-
ing.
4TABLE I. The symmetric nuclear matter properties at satu-
ration density for the models under study: the nuclear satu-
ration density ρ0, the binding energy per particle B/A, the
incompressibility K, the symmetry energy Esym, the slope of
the symmetry energy L, and the nucleon effective mass M∗.
All quantities are in MeV, except for ρ0 that is given in fm
−3,
and the effective nucleon mass is normalized to the nucleon
mass.
Model ρ0 B/A K Esym L M
∗/M
SFHo 0.158 16.19 245 31.6 47 0.76
SFHx 0.163 16.16 239 28.7 23 0.71
FSU2R 0.15 16.28 238 30.7 47 0.59
FSU2H 0.15 16.28 238 30.5 45 0.59
TM1 0.145 16.3 281 36.9 111 0.63
TM1e 0.145 16.3 281 31.4 40 0.63
DDME2 0.152 16.14 251 32.3 51 0.57
DD2 0.149 16.02 243 31.7 58 0.56
D1 0.15 16.0 240 32.0 60 0.56
D2 0.146 16.0 240 32.0 60 0.56
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FIG. 1. The symmetry energy as a function of the density for
the models under consideration.
FSU2H and FSU2R were calibrated in order to repro-
duce the properties of finite nuclei, constraints from kaon
production and collective flow in HIC, and to predict
neutron matter pressures consistent with effective chiral
forces. Both models reproduce 2M⊙ stars, have a sym-
metry energy and its slope at saturation consistent with
current laboratory predictions, and their neutron skin
thickness is compatible with several experiments, both
for 208Pb and for 48Ca, as from measurements of the
electric dipole polarizability of nuclei.
TM1e accurately describes finite nuclei, gives two
solar-mass neutron stars and radii compatible with the
latest astrophysical observations by NICER [25]. Its
slope of the symmetry energy is also consistent with as-
trophysical observations and terrestrial nuclear experi-
ments [26–28], while TM1 fails these constraints.
With respect to the density-dependent models, D1 and
D2 are close to DD2, which was fitted to properties of
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FIG. 2. (Color online) The spinodal regions on the (ρn, ρp)
plane for the SFHo model at T = 0, 6, 10, 12 and 14 MeV.
Also shown are the β-equilibrium EoS at T = 0 (green solid)
and 10 MeV (green dashed), the critical points line (black
dashed), and the symmetric matter line (blue solid).
nuclei and reproduces 2M⊙ stars. D2 includes an energy
dependence, that was fitted to the optical potentials [29].
This model does not reach the 2-solar-mass constraint
since the EoS becomes very soft when the optical po-
tential constraint is satisfied. DDME2 was adjusted to
reproduce the properties of symmetric and asymmetric
nuclear matter, binding energies, charge radii, and neu-
tron radii of spherical nuclei.
The density dependence of the symmetry energy for
these models is plotted in Fig. 1. Some conclusions
may be drawn: SFHo is the model that presents a softer
symmetry energy above ≈ 0.5ρ0 and, even below this
density, it is only SFHx that is slightly softer. While
DDME2, DD2, SFHo and SFHx are quite similar below
0.5ρ0, FSU2R, FSU2H and TM1e are clearly stiffer in
this range of densities. TM1 has an almost linear be-
havior with density, presenting the smallest values below
≈ 0.1 fm−3, and the largest above that value. In fact,
above ≈ 0.1 fm−3, all models have a similar behavior ex-
cept TM1 that is much stiffer, and SFHx that is quite
soft. We will discuss how these behaviors reflect them-
selves on the instability regions.
B. Spinodal sections and critical points
In Fig. 2, we show the spinodal sections obtained
with the SFHo model at different temperatures, imposing
λ− = 0, defined in Eq. (23). The larger the temperature,
the smaller the section, which will eventually be reduced
to a point at the critical temperature, that corresponds
to the critical end point (CEP), and occurs for symmetric
matter. For SFHo, the CEP occurs at T = 16.14 MeV
and ρ = 0.051 fm−3. It is interesting to notice that the
T = 0 spinodal is convex at the ρp = ρn point. Many of
5TABLE II. The transition density ρt, the correspondent pro-
ton fraction Ypt , and the density of symmetric matter ob-
tained at T = 0 MeV for some of the models considered in
this work.
Model ρt(fm
−3) Ypt ρsym (fm
−3)
SFHx 0.122 0.041 0.103
SFHo 0.105 0.047 0.101
FSU2R 0.087 0.045 0.095
FSU2H 0.092 0.046 0.095
TM1e 0.094 0.050 0.094
TM1 0.047 0.025 0.070
DD2 0.081 0.034 0.095
D1 0.082 0.032 0.102
DDME2 0.087 0.039 0.099
the models previously studied are concave at this point,
see for instance [30] for a discussion. In Ref. [30], only
the model SIII [31] shows a quite abnormal behavior.
A consequence of this behavior is the prediction that
highly asymmetric matter is still non-homogeneous at
densities close, or even above, the transition density from
non-homogeneous to homogeneous matter of symmetric
matter, designated in the following as ρsym. However,
one would expect that the contribution of the repulsive
symmetry term to the binding energy of nuclear matter
would move the transition density to lower densities, as
the proton-neutron asymmetry increases.
In the same Figure, the EoS for β-equilibrium matter
calculated at two different temperatures, T = 0 and 10
MeV, is also represented. The crust-core transition den-
sity at a given temperature may be estimated from the
intersection of the EoS with the spinodal at that same
temperature. In Refs. [8, 32], it was shown that this is a
good estimation although slightly larger than the values
obtained within a Thomas-Fermi or a dynamical spinodal
calculations. For the two temperatures shown, we con-
clude that: i) The T = 0 MeV EoS intercepts the T = 0
spinodal at ρt = 0.105 fm
−3, indicating that the crust of
a neutron star described by this model extends until ap-
proximately this density. The line yp = 0.5 intercepts the
spinodal at ρsym = 0.101 fm
−3, a density slightly smaller
than ρt; ii) the T = 10 MeV EoS does not intercept the
respective spinodal, and this indicates that β-equilibrium
matter at this temperature is homogeneous.
The line of critical points is also displayed in the figure.
At a given temperature, these are the two points in the
spinodal section that have maximum pressure, and where
the direction of the instability is parallel to the tangent to
the spinodal. This means that the pressure above Pmax
belongs to the homogeneous matter phase.
In Table II, the transition density of both β-
equilibrium matter ρt, and of symmetric matter, ρsym,
are given, together with the proton fraction at the β-
equilibrium transition for each model. For β-equilibrium
matter the transition occurs for Yp ≪ 0.5. All models
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FIG. 3. (Color online) The spinodal sections on the (ρn, ρp)
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left) and FSU2R (bottom right) at T = 0, 6, 10, 12, and 14
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by the black dashed line.
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FIG. 4. (Color online) The spinodal sections on the (ρn, ρp)
plane for TM1 (top) and TM1e (bottom), at T = 0, 6, 10, 12,
and 14 MeV.
have ρsym > ρt, except TM1e, SFHo and SFHx, the last
model having an extreme transition density of ≈ 0.12
fm−3. For TM1e both densities are equal. SFHo and
SFHx are also the models that predict larger crust-core
transition densities.
The spinodal sections obtained at different tempera-
tures for the NL models we consider in this study are
plotted in Figs. 3 and 4. SFHo and SFHx present a
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FIG. 5. (Color online) The spinodal sections on the (ρn, ρp)
plane for DD2(top left), DDME2 (top right),D1 (bottom left)
and D2 (bottom right) at T = 0, 6, 10, and 12 MeV. The
smallest unstable regions shown are for T = 13 MeV (DD2
and DDME2), 12.2 MeV (D1), and 14 MeV (D2).
convex curvature at the transition density of symmet-
ric matter. This seems to point to some problem in the
model. They also have a bigger instability region as com-
pared to the other models. Comparing TM1 and TM1e,
it is clearly seen that the ones with a smaller slope L
at saturation have spinodal sections that extend to more
asymmetric matter, right up to almost the CEP, which
occurs for symmetric nuclear matter. This implies that
in warm stellar matter in beta-equilibrium, as the one
found in neutron star mergers, finite clusters will appear
at larger temperatures and proton asymmetries, having
direct implications in processes like neutrino cross sec-
tions.
On the other hand, the spinodals for DD models, which
are plotted in Fig. 5, show a behavior closer to the one
presented by TM1, although having a much smaller slope
L: the spinodal sections are smaller, do not extend to so
asymmetric nuclear matter and they are all concave at
yp = 0.5.
The differences between the NL and DD spinodals are
also clearly seen by comparing the critical point proper-
ties at each temperature. In Table III, we show, for sev-
eral temperatures, the critical densities and correspon-
dent proton fractions. The same information is given
in Fig. 6, where the properties of the critical points
(T, ρc, ypc) are plotted.
At T = 0 MeV, the models SFHx, FSU2R, FSU2H and
TM1e have a proton fraction at the critical point equal
to zero or very close to zero. All other models have a
similar proton fraction of the order of 0.028-0.039. At
T = 6 MeV, SFHx, FSU2R, FSU2H, and even TM1e,
still present a critical proton fraction of the order of 0.01
or below (for SFHx it is still zero), while for all the other
models, it grows up to ≈ 0.09− 0.11.
The model SFHx presents a very extreme behavior
TABLE III. The critical densities ρc and the correspondent
proton fractions Ypc for different temperatures for the models
considered in this work.
Model T (MeV) ρc(fm
−3) Ypc
SFHx 0 0.1010 0.0
SFHo 0.1015 0.0283
FSU2R 0.0827 0.0037
FSU2H 0.0876 0.0022
TM1 0.0774 0.0496
TM1e 0.0902 0.0041
D2 0.0775 0.0296
D1 0.0840 0.0390
DD2 0.0796 0.0302
DDME2 0.0839 0.0274
SFHx 6 0.1015 0.0
SFHo 0.0886 0.0850
FSU2R 0.0673 0.0083
FSU2H 0.0728 0.0063
TM1e 0.0778 0.0154
D2 0.0679 0.0809
D1 0.0775 0.1110
DD2 0.0702 0.0855
DDME2 0.0750 0.0882
SFHx 10 0.1019 0.0056
SFHo 0.0746 0.1395
FSU2R 0.0633 0.0304
FSU2H 0.0676 0.0251
TM1 0.0601 0.1594
TM1e 0.0708 0.0339
D2 0.0569 0.1412
D1 0.0661 0.2181
DD2 0.0578 0.1523
DDME2 0.0612 0.1707
SFHx 14 0.0920 0.09
SFHo 0.0583 0.2509
FSU2R 0.0490 0.2686
FSU2H 0.0477 0.2607
TM1e 0.0619 0.1244
D2 0.0463 0.4167
D1 - -
DD2 - -
DDME2 - -
keeping a critical proton fraction equal to zero for T < 10
MeV, and a critical density of the order of ≈ 0.1fm−3 for
T < 12 MeV. The models FSU2H and FSU2R also show
a critical proton fraction very close to zero for T < 8
MeV. SFHo stands out as being the model that, after
SHFx, has the largest critical densities, see Fig. 6 bot-
tom panel. The thermodynamic behavior of these two
models will have direct implications in the evolution of
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FIG. 6. (Color online) The critical proton fraction (top) and
the critical density (bottom) as a function of the temperature
T for some of the models considered in this work.
core-collapse supernova matter or neutron star mergers
since the non-homogeneous matter will extend to larger
densities and larger temperatures. The models SFHx,
FSU2R, FSU2H and TM1e predict clusterization of quite
asymmetric matter for quite high temperatures. This will
affect the evolution of asymmetric stellar matter as found
in neutron star mergers, or core-collapse supernova mat-
ter after the neutrino trapped stage.
The CEP properties, i.e. the critical temperatures and
corresponding critical densities and pressures, are given
for each model in Table IV. At the critical temperature,
matter is symmetric. The largest critical temperature, of
the order of 16 MeV, is obtained for SFHx and SFHo. D1
presents the smallest critical temperature of the order of
12 MeV.
In [33], the authors made a compilation of experimen-
tal determinations of the critical temperature of sym-
metric nuclear matter. The measurements were per-
formed within multifragmentation reactions or fission,
and the critical temperature values fluctuate between
15 and 23 MeV. However, some of the estimations are
obtained with large uncertainties. The analysis with
smaller uncertainties [34] determined a critical temper-
ature of 16.6±0.86 MeV, considering the limiting tem-
perature values obtained in five different mass regions
[35], where the authors obtained a temperature above
15 MeV, using both multifragmentation and fission pro-
cesses. In Ref. [36], the authors used results from six
TABLE IV. The critical temperatures, and their correspon-
dent critical densities and pressures at the CEP, for the mod-
els considered in this work. The proton fraction is equal to
0.5.
Model Tc(MeV) ρc(fm
−3) Pc (MeV.fm
−3)
SFHx 15.81 0.052 0.242
SFHo 16.14 0.051 0.249
FSU2R 14.19 0.045 0.186
FSU2H 14.16 0.044 0.183
TM1 15.62 0.049 0.239
TM1e 15.61 0.049 0.239
DD2 13.73 0.046 0.178
DDME2 13.12 0.045 0.156
D1 12.22 0.058 0.187
D2 14.14 0.046 0.193
different sets of experimental data, both involving com-
pound nuclei or multifragmention, and the critical tem-
perature of 17.9±0.4 MeV was obtained. In this last
work, the authors also determined the critical density and
pressure to be 0.06±0.01 fm−3, and 0.31±0.07 MeV/fm3,
respectively. They used Fisher’s droplet model, that was
modified to account for several effects, such as Coulomb,
finite size or angular momentum effects.
Regarding the models we consider in this study, crit-
ical temperatures above 15 MeV are obtained for TM1,
TM1e, SFHo, and SFHx. DD models have generally a
critical temperature of the order of 14 MeV, or below,
and FSU2R and FSU2H have a critical temperature just
above 14 MeV. Concerning the critical density, all mod-
els have a density ρc & 0.044 fm
−3, but only the mod-
els SFHx, SFHo, TM1, TM1e, and D1 predict a density
& 0.05 fm−3, as determined in Ref. [36]. SFHx, SFHo,
TM1 and TM1e are the models that predict a critical
pressure within the range obtained in Ref. [36].
In [33], the authors have determined the CEP of sev-
eral RMF models, and, from all the models tested, only
the DD models and the models named Z271 predicted a
critical temperature above 15 MeV, and the critical pres-
sure and density within the range proposed in [36]. We
should, however, refer that the models Z271 predict a
maximum stellar mass below 1.7M⊙, as shown in [37].
C. Transition densities
In the following, we discuss the transition densities
from non-homogeneous to homogeneous matter under
different proton fraction conditions.
In Fig. 7, we show the transition densities as a
function of the temperature for two different cases: i)
β−equilibrium; ii) a fixed proton fraction of 0.3, a frac-
tion that is representative in core-collapse supernova
matter. Inside the represented region, matter is, in prin-
ciple, non-homogeneous. This is only an estimation of
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FIG. 7. (Color online) The transition density, ρt, as a function
of the temperature for β−equilibrium (top) and fixed proton
fraction (bottom) matter for some of the models considered
in this work.
the instability region, since we are not taking into ac-
count finite size effects.
For yp = 0.3, all models coincide at low densities and
temperatures below 10MeV. At the upper limit, the tran-
sition densities take the values 0.1± 0.01 fm−3 at T = 0,
and up to T ≈ 10 MeV, they decrease ∼ 0.02 fm−3.
There exists experimental data that constrain matter
with this kind of asymmetry, and they show that the
temperature does not affect much the properties of nu-
clear matter below 10 MeV. A larger discrepancy is found
for temperatures above 10 MeV. The critical temperature
for this matter asymmetry varies between 12 and almost
16 MeV, with SFHo and SFHx models giving the largest
temperatures, and DD2 and DDME2 the lowest ones.
β−equilibrium matter has a much smaller proton frac-
tion, and there are no experimental data that can con-
strain the EoS of this kind of matter. Let us, however,
recall that all the models satisfy constraints coming from
chiral effective field theory calculations for neutron mat-
ter. For β−equilibrium matter, we verify that the in-
stability region estimated by the models considered vary
a lot. SFHx predicts a T = 0 transition density above
the one obtained for yp = 0.3, and a critical tempera-
ture ≈ 14 MeV. Although with more reasonable transi-
tion densities at low temperatures, FSU2H and FSU2R
also predict very large critical temperatures, ≈ 12 MeV.
All the other models predict a critical temperature of
the order of 3 MeV, but show a large dispersion on the
transition density, with SFHo going above 0.1 fm−3. In
Ref. [38], the authors have discussed the influence of the
density dependence of symmetry energy on the supernova
evolution considering the models TM1 and TM1e. They
concluded that there are only minor effects around the
core bounce and in the first milliseconds considering the
evolution of stars with masses of the order of 12-15 M⊙,
precisely because the proton fractions are still not too far
from symmetric matter at this stage, and the predictions
from both models do not differ much. However, more
drastic differences between TM1 and TM1e were found
at a later stage, with TM1e giving rise to larger neutrino
emissions and a slower decay of the neutrino luminosities.
As referred before, the thermodynamic calculation of
the instability regions only allows an estimation of the
region where non-homogeneous matter is expected. Fi-
nite size effects due to the finite range of nuclear force
and Coulomb interaction effects will affect the extension
of the region of instability, as discussed in [8]. The au-
thors showed that the transition density obtained from
a dynamical spinodal approach would predict transition
densities that are ≈ 0.01fm−3 lower and proton fractions
10% smaller, which are good lower limit estimations, as
compared to a thermodynamical spinodal calculation. A
Thomas-Fermi calculation of the non-homogeneous mat-
ter may give slightly larger transition densities, as shown
in [32].
In Fig. 8, we show the transition densities between the
different nuclear pasta phases, together with the transi-
tion density to homogeneous matter, for five of the mod-
els under consideration. These densities were calculated
from a Thomas-Fermi approximation at T = 0 MeV and
β−equilibrium matter [39]. As expected, the crust-core
transitions obtained in these calculations are lower than
the ones estimated from our thermodynamical approach,
by not more than 0.01 fm−3. It is interesting to notice
that while DD2 and DDME2 predict a large extension
of the spherical clusters in the inner crust, a shorter ex-
tension of the rod phase, and no slab phase, or a very
narrow one, the models FSU2H, FSU2R, and TM1e pre-
dict similar extensions of the droplet-like, rod-like and
slab-like pasta structures. These different geometries will
certainly affect the transport properties of the neutron
star inner crust.
D. Distillation effect
Transport properties are also affected by the proton
content of the gas phase, when matter clusterizes. In
the following, we analyse how the system tends to sep-
arate into two phases, and the isospin content of each.
We designate by isospin distillation effect the tendency
of matter to separate into a low-density phase, the gas
phase, that is more neutron rich, i.e. with low proton
fraction, and a high-density phase, the clusters, with a
proton fraction closer to the one of symmetric matter,
i.e. with high proton fraction.
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In Fig. 9, we show the isospin distillation effect for
all models, by plotting the ratio of the proton to the
neutron density fluctuations inside the instability region.
The higher the ratios, the higher the distillation effect,
because the clusterized phase becomes proton richer. As
expected, the lower the temperature, the higher the dis-
tillation effect. The SFHo and SFHx models predict the
largest distillation effects, meaning that, within these
two models, the gas phase has the lowest proton frac-
tion. This is a reflection of their small symmetry energy.
FSU2H and FSU2R present a very similar behavior to the
one of DD2 and DDME2 at the lowest densities, but their
density ratios decrease faster with the density, and for
densities around half the saturation density, these mod-
els have the smallest distillation effect. Finally, D1 and
D2 do not differ much from DD2 model.
IV. CONCLUSIONS
In the present work, we have studied the extension of
the non-homogeneous phase of warm and asymmetric nu-
clear matter, considering several recently-proposed cali-
brated RMF models. At T = 0 MeV, these models have
been constrained by nuclear properties, ab-initio theo-
retical calculations for neutron matter, and neutron star
observations. No constaint was imposed at finite tem-
perature. The thermodynamical spinodal sections in the
(ρp, ρn) plane for several temperatures and the critical
points have been calculated.
The main conclusions are: i) for symmetric nuclear
matter, the transition density to homogeneous matter
spreads over a range narrower than 0.01 fm−3, 0.094 <
ρsym < 0.103; ii) for asymmetric matter, in particular,
for yp = 0.3, the transition density to homogeneous mat-
ter obtained from the models considered is compatible
within ≈ 0.02 fm−3, for temperatures below 8 MeV;
iii) above T = 8 MeV, the models differ much more,
and the critical temperatures vary in a range of 4 MeV,
12.2 < Tc < 16.2 MeV; iv) properties predicted for very
asymmetric matter, as β-equilibrated stellar matter, dif-
fer a lot, both on the transition density, and on the criti-
cal temperature above which β-equilibrated matter is not
clusterized. SFHo and SFHx models predict transition
densities from clusterized matter to homogeneous matter
for β-equilibrated matter larger than that for symmetric
matter. This behavior is somehow strange since it would
be expected that the extension of the instability region of
asymmetric matter would be smaller than the one of sym-
metric nuclear matter due to the symmetry energy contri-
bution, which is a repulsive contribution. Concerning the
critical temperature of β-equilibrated matter, the models
SFHo, SFHx, FSU2R and FSU2H predict a temperature
that is just . 2 MeV smaller than the one obtained for
symmetric nuclear matter, while all the other models pre-
dict temperatures between 8 to 10 MeV smaller. We may
expect that these properties will have noticeable impact
on the the evolution of either a supernova or neutron star
mergers.
Very recently, the SFHo EoS has been used in several
simulations of neutron star mergers, black hole - neutron
star (BH-NS) mergers and core-collapse supernova [40–
43]. In particular, in [41], the authors have discussed
the possibility of a kilonova production during a BH-NS
merger, and SFHo is one of the preferred models. Also,
in [44], the authors constructed hybrid equations of state
at finite temperature, by combining nuclear matter equa-
tions of state, and among them they have chosen SFHx,
with holographic equations of state for quark matter.
Sumiyoshi et al. [38] have shown, by using two models,
TM1 and TM1e [16], that are only different in the isospin
channel, that a softer symmetry energy is responsible for
a more drastic evolution of the protoneutron star with
larger neutrino emissions, giving rise to higher neutrino
luminosities and average energies. We may, therefore,
expect stronger effects with SFHo and SFHx models.
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